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abstract
 
The collecting duct regulates Na
 
 
 
 transport by adjusting the abundance/activity of epithelial Na
 
 
 
channels (ENaC). In this study we have investigated the synthesis, degradation, endocytosis, and activity of ENaC
and the effects of aldosterone on these processes using endogenous channels expressed in the A6 cell line. Bio-
chemical studies were performed with a newly raised set of speciﬁc antibodies against each of the three subunits of
the amphibian ENaC. Our results indicate simultaneous transcription and translation of 
 
 
 
, 
 
 
 
, and 
 
 
 
 subunits and
enhancement of both processes by aldosterone: two- and fourfold increase, respectively. The biosynthesis of new
channels can be followed by acquisition of endoglycosidase H–resistant oligosacharides in 
 
 
 
 and 
 
 
 
 subunits and,
in the case of 
 
 
 
, by the appearance of a form resistant to reducing agents. The half-life of the total pool of subunits
(
 
t
 
1/2
 
 40–70 min) is longer than the fraction of channels in the apical membrane (
 
t
 
1/2
 
 12–17 min). Aldosterone in-
duces a fourfold increase in the abundance of the three subunits in the apical membrane without signiﬁcant
changes in the open probability, kinetics of single channels, or in the rate of degradation of ENaC subunits. Ac-
cordingly, the aldosterone response could be accounted by an increase in the abundance of apical channels due,
at least in part, to de novo synthesis of subunits.
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INTRODUCTION
 
Approximately 2% of the total daily sodium ﬁltered by
the kidney is reabsorbed by epithelial sodium channels
(ENaC)* from the distal tubule. Under physiological
conditions, ENaC activity is adjusted to match varia-
tions in daily sodium intake to the status of the extra-
cellular volume (Garty and Palmer, 1997; Alvarez de la
Rosa et al., 2000). Given the importance of ENaC on
the maintenance of extracellular volume and blood
pressure, many mechanisms have evolved to regulate
the kinetics, synthesis, degradation, and subcellular lo-
calization of these channels.
In spite of the progress made on the understanding
of ENaC regulation at the molecular level, many ques-
tions remain to be answered, in particular those regard-
ing biosynthesis and trafﬁc of channels and how these
processes are regulated by aldosterone. It is well estab-
lished that aldosterone binds to the mineralocorticoid
receptor and functions as a transcriptional factor; how-
ever, the mechanisms by which aldosterone stimulates
ENaC in the renal epithelium have not been satisfacto-
rily elucidated. For instance, in rat kidney one study re-
ported that aldosterone increased mRNA levels of the
 
 
 
 and 
 
 
 
 subunits but little of 
 
 
 
 (Asher et al., 1996),
whereas another study showed increase of only 
 
 
 
mRNA (Stokes and Sigmund, 1998). At the protein
level aldosterone has been shown to signiﬁcantly in-
crease only the 
 
 
 
 subunit in rat kidney (Masilamani et
al., 1999) and in A6 cells (May et al., 1997). Other stud-
ies have found mainly posttranslational effects such as
increases in open probability (Kemendy et al., 1992),
or have postulated translocation of channels from an
intracellular pool to the plasma membrane in the early
portion of the collecting tubule (Masilamani et al.,
1999; Lofﬁng et al., 2001).
In this work we have used the A6 cell line derived
from 
 
Xenopus laevis
 
 kidney to examine the biosynthesis,
cellular trafﬁc, degradation, and activity of endoge-
nously expressed ENaC both in the absence and pres-
ence of aldosterone. A6 cells not only express ENaC
but also they respond to aldosterone by increasing
channel activity in a way that parallels the physiologi-
cal response of the mammalian collecting duct. In
addition, all the genes that regulate the activity of
ENaC have been originally identiﬁed or later found in
this cell line (channel-activating enzyme 1 [CAP1], se-
rum- and glucocorticoid-induced kinase (
 
sgk
 
), K-Ras,
Nedd4–2) (Vallet et al., 1997; Mastroberardino et al.,
1998; Chen et al., 1999; Kamynina et al., 2001). Hence,
A6 cells constitute a good model to examine the regula-
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*Abbreviations used in this paper: 
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o
 
, open probability; R
 
T
 
, transepithelial resistance;
 
sgk
 
, serum- and glucocorticoid-induced kinase; V
 
T
 
, transepithelial po-
tential difference; 
 
x
 
ENaC, 
 
Xenopus
 
 epithelial sodium channel. 
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tion of ENaC by aldosterone. Studies were done with
endogenous channels to avoid potential artifacts intro-
duced by overexpression of subunits. Biosynthesis and
degradation of channels were studied using a new set
of three antibodies speciﬁc for each of the 
 
Xenopus
 
 epi-
thelial sodium channel (
 
x
 
ENaC) subunits, whose char-
acterization is included in this work. Activity of ENaC
was assessed with the patch-clamp technique and mea-
surements of transepithelial voltage (V
 
T
 
) and equiva-
lent short-circuit current (I
 
sc
 
).
 
MATERIALS AND METHODS
 
Plasmid Constructs
 
Full-length 
 
 
 
, 
 
 
 
, and 
 
 
 
 
 
Xenopus
 
 ENaC subunit cDNAs (Puoti et
al., 1995) were subcloned in pcDNA3.1 (Invitrogen). Green ﬂuo-
rescent protein (GFP) was fused to the NH
 
2
 
-terminus of 
 
 
 
ENaC
in the pEGFP-C1 vector (CLONTECH Laboratories, Inc.). All
constructs were sequenced at the HHMI/Keck sequencing facil-
ity at Yale University.
 
Antibody Generation and Puriﬁcation
 
Rabbit polyclonal antibodies against the three 
 
Xenopus
 
 ENaC sub-
units were generated against glutathione 
 
S-
 
transferase (GST) fu-
sion proteins containing the sequences H544-N632 for 
 
 
 
, T149-
N226 for 
 
 
 
, and R566-L660 for 
 
 
 
. Afﬁnity puriﬁcation of sera was
done by absorption ﬁrst, to a GST Hi-trap column (Amersham
Pharmacia Biotech), and subsequently to a column containing
the speciﬁc GST fusion protein.
 
Cell Culture and Transfection
 
A6 cells were provided by Dr. John Hayslett (Yale University, New
Haven, CT) (Hayslett et al., 1995). Cells were maintained in am-
phibian medium (0.75
 
 
 
 DMEM, 10% FBS, buffered with sodium
bicarbonate) in an incubator set at 27
 
 
 
C and with 1.5% CO
 
2
 
. All
experiments were performed between passages 105 and 115.
Cells were expanded on plastic dishes and then seeded on per-
meable supports (Transwell
 
®
 
 polycarbonate membrane with a
pore size of 0.4 
 
 
 
m; Costar). For biochemical experiments we
used ﬁlters of an area of 4.7 cm
 
2
 
 and for measurements of I
 
sc
 
 we
used ﬁlters of 0.33 cm
 
2
 
. After 8 d in culture, cells were washed
twice with serum-free amphibian medium and kept for two more
days in the same medium before the experiments were per-
formed. Transient transfection of A6 cells grown on plastic dishes
was performed with Lipofectamine (Life Technologies).
 
Metabolic Labeling and Immunoprecipitations
 
Cells were washed twice with serum-free amphibian medium
without methionine and cysteine and incubated for 15 min in
the same medium. Cells were then labeled with a mixture of
[
 
35
 
S]methionine and [
 
35
 
S]cysteine (150 
 
 
 
Ci/ml; Amersham
Pharmacia Biotech) for different periods of time. When appro-
priate, chase medium containing a 10-fold molar excess of both
methionine and cysteine was added and cells were returned to
the incubator for different periods of time. Immunoprecipita-
tion of ENaC subunits was performed as described (Shimkets et
al., 1998). Protein concentration in the lysates was measured with
the bicinchoninic acid procedure (Pierce Chemical Co.) and
equal amounts of protein were processed. GFP-
 
 
 
ENaC fusion
protein was immunoprecipitated with a commercial polyclonal
antibody (CLONTECH Laboratories, Inc.). The amounts of anti-
bodies and protein-A beads added to recover the immune com-
plexes were titrated to ensure complete recovery of antigens
from the lysates. The batches of antibodies used in all experi-
ments were the same and the protein-A beads of equal binding
capacity. Complete recovery of antigens was tested in the follow-
ing way. First we immunoprecipitated the antigen with 5 
 
 
 
l of
crude serum and 100 
 
 
 
l of a 1:5 (vol/vol) slurry of protein-A
beads (Sigma-Aldrich). The remaining lysate was reextracted
with 100 
 
 
 
l of protein-A beads. This was done to test if all the an-
tibody from the ﬁrst immunoprecipitation was removed with the
initial amount of beads. Next, we added fresh antibody and
beads and repeated the procedure. The conditions with which all
antigens were recovered in the ﬁrst immunoprecipitation were
chosen for all subsequent experiments. The total amount of pro-
teins in the lysate was kept constant.
Where indicated, immunoprecipitates were treated with PNG-
ase-F (New England Biolabs, Inc.), endoglycosidase H (Endo-H)
(Roche Biochemicals), calf intestinal alkaline phosphatase
(New England Biolabs, Inc.), or shrimp alkaline phosphatase
(Roche Biochemicals) following the manufacturer’s instructions.
Immune complexes were resolved in 10% SDS-PAGE and trans-
ferred to Immobilon-P (Millipore). Membranes were exposed to
Biomax MR ﬁlm (Eastman Kodak Co.) with a Biomax intensify-
ing screen. Scanning of autoradiographs and densitometry analy-
sis were performed in a GS-800 Densitometer and Quantity One
software (Bio-Rad Laboratories).
In a group of experiments, cells were pulse-labeled with
[
 
35
 
S]methionine and [
 
35
 
S]cysteine and then incubated with
chase medium for one hour in the presence of iodoacetamide
(Sigma-Aldrich). Cells were lysed and 
 
 
 
ENaC was immunopre-
cipitated as described above.
 
Membrane Protein Biotinylation
 
Biotinylation and recovery of apical membrane proteins were
performed essentially as described (Gottardi et al., 1995) using
Sulfo-NHS-SS-Biotin (Pierce Chemical Co.). For chase experi-
ments, cells were returned to the incubator after ﬁnishing the
biotinylation procedure. Protein concentration in the cell lysates
was measured with the BCA kit (Pierce Chemical Co.) and equal
amounts of total protein were processed. Biotinylated proteins
were recovered with streptavidine-agarose beads (Pierce Chemi-
cal Co.). The amount of added beads was adjusted to ensure
complete recovery of biotinylated proteins from lysates. Biotin-
ylated proteins were eluted from the beads by heating to 90
 
 
 
C in
SDS-PAGE sample buffer.
 
Western Blot Analysis
 
After separation in 10% SDS-PAGE gels, proteins were trans-
ferred to Immobilon-P membranes (Millipore) and ENaC sub-
units were detected by Western blotting with afﬁnity puriﬁed
anti-
 
x
 
ENaC antibodies at 1:2,000 dilution. Actin and calnexin
were detected with commercially available antibodies (mouse
monoclonal antiactin antibody, Chemicon International; rabbit
polyclonal anticalnexin antibody, StressGen Biotechnologies).
Anti–rabbit or anti–mouse IgG secondary antibodies conjugated
to peroxidase (Sigma-Aldrich) were used at 1:10,000 dilution and
the signal was developed with the ECL
 
 
 
 system (Amersham
Pharmacia Biotech). Quantiﬁcation of Western blot signals was
performed as described for immunoprecipitation experiments.
 
Northern Blot Analysis
 
Total RNA from A6 cells grown on ﬁlters was extracted with the
RNeasy kit (QIAGEN) and quantiﬁed by absorption spectros-
copy. RNA was fractionated on glyoxal/dimethyl sulfoxide aga- 
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rose gels and transferred to nylon membranes as described (Sam-
brok et al., 1989). Probes including the entire cDNA of each of
the 
 
x
 
ENaC subunits or 
 
 
 
-actin were labeled with 
 
32
 
P-dCTP by ran-
dom priming and used to detect the speciﬁc mRNAs by hybrid-
ization and autoradiography. Intensities of bands were quantiﬁed
with a laser-scanning densitometer and normalized to the signal
given by 
 
 
 
-actin.
 
Equivalent Short-circuit Current Measurements
 
The V
 
T
 
 and I
 
sc
 
 across conﬂuent monolayers of A6 cells were mea-
sured with Ag/AgCl
 
2
 
 electrodes (made at Yale electronics shop)
connected to a DVC-1000 voltage/current-clamp apparatus
(World Precision Instruments). Transepithelial resistance (R
 
T
 
)
was calculated from V
 
T
 
 and I
 
sc
 
 using Ohm’s law.
 
Patch-clamp Experiments
 
For patch clamp experiments A6 cells were grown on 0.33-cm
 
2
 
transparent permeable supports (Falcon; Becton Dickinson). 7 d
after seeding, serum was removed from cultures for 24 h (control
group) and 100 nM aldosterone was added for 
 
 
 
12 h (aldoste-
rone-treated group). Cups were cut 4–5 mm above the mem-
brane with a ﬁne saw before placement on the recording cham-
ber to allow access to the apical membrane with the patch pipette
and perfusion of the apical and basolateral sides of the ﬁlters.
Cell-attached patches were performed with patch pipettes pulled
from borosilicate glass (LG16; Dagan Corporation) using a mi-
cropipette puller (PP-83; Narishige, Scientiﬁc Instrument Lab).
Pipettes were ﬁre-polished to a ﬁnal tip diameter of 1 
 
 
 
m and
coated with Sylgard when ﬁlled with solutions had resistances of
5–10 M
 
 
 
. Unitary currents were recorded with an Axopatch-
200B ampliﬁer (Axon Instruments, Inc.) using a DigiData 1200
interface and pClamp 8.01 software both from Axon Instru-
ments, Inc. Data were acquired at 2 kHz, ﬁltered at 1 kHz, and
stored on a computer hard disc for analysis.
The composition of the pipette solution was (in mM): 100
NaCl, 3 KCl, 1 CaCl
 
2
 
, 10 HEPES, pH adjusted to 7.4. Chamber so-
lution was serum-free culture medium buffered to pH 7.4 with 10
mM HEPES. Recordings were done at 40 mV in the pipette and
at room temperature.
The apparent number of channels per patch was determined
from the maximal number of transitions observed during at least
10 min of continuous recording. Open probability was calculated
from the value of NP
 
o
 
 using pClamp software.
 
Statistical Analysis
 
Data points represent the mean of N number of independent ex-
periments 
 
  
 
SEM. Differences between groups were evaluated
with nonpaired 
 
t
 
 test. P and N values are given in the text or ﬁg-
ure legends.
 
RESULTS
 
Characterization of Speciﬁc Antibodies Against
Xenopus ENaC Subunits
 
We developed speciﬁc antibodies against 
 
 
 
, 
 
 
 
, and 
 
 
 
subunits from 
 
x
 
ENaC. Speciﬁcity of the antibodies was
ﬁrst tested by their ability to immunoprecipitate 
 
x
 
ENaC
subunits expressed in transiently transfected A6 cells
and [
 
35
 
S]-radiolabeled for 15 min. 
 
 
 
 subunit was de-
tected as a single band migrating at 85 kD, 
 
 
 
 subunit at
100 kD, and 
 
 
 
 subunit at 90 kD (Fig. 1 A). Electro-
phoretic migration of each of the proteins corresponds
to the molecular weight of the core glycosylated form
as predicted by the sequence of the corresponding
cDNA (Puoti et al., 1995). No signal was detected in un-
transfected cells (Fig. 1 A). We next used the antibodies
to detect endogenous 
 
x
 
ENaC expressed in A6 cells
Figure 1. Antibody characterization and recognition of endoge-
nously expressed ENaC in A6 cells. (A) A6 cells grown on plastic
were transiently transfected with plasmid constructs containing  ,
 , or   ENaC subunits. Cells were pulse-labeled for 15 min with
[35S]-methionine and [35S]-cysteine and each subunit was immu-
noprecipitated with anti-Xenopus ENaC antibodies. Negative con-
trols of mock-transfected cells were included in each experiment.
(B) Polarized A6 cells grown on ﬁlters were [35S]-labeled for 2 h
and endogenous ENaC subunits were immunoprecipitated with
anti-Xenopus ENaC antibodies. Controls, including the immuno-
genic fusion proteins or with preimmune serums, are also shown.
(C) Microsomal proteins from A6 cells grown on ﬁlters were re-
solved on a 10% SDS-PAGE, transferred to membranes, and de-
tected with the speciﬁc xENaC antibodies by Western blots. 
430
 
Regulation of ENaC by Aldosterone
 
grown on ﬁlters for at least 8 d and [
 
35
 
S]-radiolabeled
for 2 h. The 
 
 
 
 antibody immunoprecipitated two
bands, one at 85 kD, previously shown in transfected
cells, and a second one that migrated at 65 kD. Both
bands could be competed away by including GST-
 
 
 
 fu-
sion protein in the immunoprecipitation mix and were
undetectable with preimmune serum (Fig. 1 B). Anti-
 
 
 
antibody immunoprecipitated proteins of 100 and 115
kD, whereas the 
 
 
 
 antibody recovered a single band of
90 kD. In both cases the bands were not present when
the immunoprecipitation was competed with the corre-
sponding fusion protein or when preimmune serum
was used (Fig. 1 B). Afﬁnity-puriﬁed antibodies de-
tected the same bands when used on Western blots of a
crude microsomal fraction of A6 cells grown on ﬁlters
(Fig. 1 C).
 
State of Glycosylation of the ENaC Subunits in A6 Cells
 
The state of glycosylation of the ENaC subunits was in-
vestigated in polarized A6 cells grown on permeable
supports. Cells were radiolabeled for 2 h and ENaC sub-
units were recovered from whole-cell lysates by immuno-
precipitation. Samples were treated with PNGase-F or
with Endo-H to remove N-linked oligosacharides or the
mannose sensitive component, respectively. The anti-
 
 
 
antibody immunoprecipitates two proteins, as previ-
ously shown in Fig. 1 B. Treatment with PNGase-F shifts
migration of the 85-kD band (marked with an asterisk in
Fig. 2) to 
 
 
 
75 kD, which is the predicted mol wt of the
nonglycosylated 
 
 
 
 subunit, whereas the 65-kD band
(marked with X) shifts to 55 kD. The 10-kD change after
deglycosylation in the two   bands suggests that they
have the same number of N-linked oligosaccharides.
Digestion with Endo-H shifts the 85-kD   band to 75
kD, whereas the 65-kD band is almost completely resis-
tant. These results indicate that the 65-kD   band is lo-
cated in the Golgi and/or post-Golgi compartments
where sugars become resistant to digestion by Endo-H.
The anti-  antibody immunoprecipitates proteins of
115 and 100 kD. Both are sensitive to PNGase-F, which
brings the mol wt to 80 kD, as predicted from the cDNA
sequence. In contrast, Endo-H deglycosylates only the
100-kD protein and leaves intact the 115 kD; hence, the
latter contains more matured sugars (Fig. 2).
The   subunit was recovered from the lysates as a sin-
gle band of  90 kD, which was sensitive to PNGase-F
and Endo-H. After treatment with these enzymes, the  
subunit appears as a doublet that could represent par-
tial deglycosylation (Fig. 2).
Maturation of the   Subunit Gives Rise to a Form with 
Smaller Apparent Mol Wt
As indicated in the previous section, Xenopus   subunit
is detected on SDS-PAGE as two bands, 85 and 65 kD,
suggesting that a fraction of the   proteins undergoes a
posttranslational modiﬁcation that changes its mobility.
We investigated the nature of the modiﬁcation by ﬁrst
examining whether the change in apparent MW results
from a proteolytic cleavage of the   subunit. It has
been previously postulated that ENaC residing in the
apical membrane might be activated by extracellular
proteases (trypsin) (Chraibi et al., 1998) or proteases
tethered to the apical membrane, such as CAP1 (Vallet
et al., 1997), that could cleave the extracellular domain
of the subunits. Since our antibody recognizes the
COOH terminus of  , the change in molecular size can
only be explained by a loss of residues from the NH2
terminus of the protein. A fusion protein linking GFP
to the NH2 terminus of  ENaC was generated and the
cDNA construct was transfected in A6 cells. After meta-
bolic labeling for 2 h, we recovered   subunits by im-
munoprecipitation with a commercial polyclonal anti-
GFP antibody or with the antibody against the COOH
Figure 2. Glycosylation of ENaC subunits. A6 cells grown on ﬁl-
ters were metabolically labeled for 2 h and  ,  , and   subunits
were immunoprecipitated with the corresponding speciﬁc anti-
body. Parallel samples were treated with PNGase-F or Endo-H. De-
glycosylated bands are indicated with arrows. Arrowheads point to
endo-H–resistant bands. Asterisks mark the slower migrating
bands and crosses mark the faster migrating bands of the   sub-
unit.431 Alvarez de la Rosa et al.
terminus of the   subunit. As shown in Fig. 3 A, both
antibodies immunoprecipitated the two proteins. One
band was detected at  115 kD, the expected molecular
weight for the GFP-  fusion protein, whereas the sec-
ond band was detected at  95 kD, a 20-kD difference,
as was observed with the wild-type  ENaC. This result
indicates that the change in mobility of   is not due to
proteolysis because the NH2 and COOH termini are
present in the protein.
We next investigated the possibility that phosphoryla-
tion could account for the aberrant migration in SDS-
PAGE. Immunoprecipitated [35S]-radiolabeled  xENaC
was treated with phosphatases (calf intestinal alkaline
phosphatase or shrimp alkaline phosphatase). Neither
of these enzymes altered the migration of the two
bands, indicating that phosphorylation is not impli-
cated in the change of mobility (Fig. 3 B). In contrast,
alkylation with iodoacetamide (IAA) in the presence of
the reducing agent DTT completely eliminated the
lower band (Fig. 3 B). This result indicates that the Xe-
nopus   subunit is prone to form disulﬁde bridges resis-
tant to reducing agents. Moreover, the formation of sta-
ble disulﬁde bridges does not occur in recently synthe-
sized protein, but after it has acquired resistance to
Endo-H (Fig. 2). The most convincing evidence that
the 65-kD band corresponds to a modiﬁcation of the  
subunit is provided by pulse-chase experiments (see
Fig. 6 A), which will be described later in this section.
Steady-state Levels of Total and Cell Surface ENaC Subunits
We next examined the levels of expression of the three
subunits of ENaC in the whole cell and in the apical
plasma membrane and the effect of aldosterone on
the abundance of channels in these cellular locations.
Levels of expression of  ,  , and   subunits were as-
sessed by Western blot analysis of whole cell lysates and
of surface biotinylated proteins (Fig. 4 B). Western
blots of total protein indicated that aldosterone in-
creases the abundance of the three subunits by three-
to ﬁvefold as shown in the graphs from Fig. 4 B (open
circles), where each data point represents the mean
value ( SEM) from densitometric analysis of ﬁve inde-
pendent experiments.
Expression of apical channels was evaluated by sur-
face biotinylation of apical proteins with an imper-
meant analogue of biotin. Biotinylated proteins were
recovered with streptavidine-agarose beads and de-
tected with speciﬁc antibodies for each of the subunits
of xENaC. To ensure that only ENaC resident in the
plasma membrane and not in intracellular compart-
ments was being detected by this procedure, we per-
formed controls with intracellular proteins. Actin, a cy-
toskeletal protein, and calnexin, an abundant ER-resi-
dent plasma membrane protein, were used as controls
for the speciﬁcity of surface biotinylation. These pro-
teins could be detected in cell lysates, but not in the
pool of proteins recovered after apical biotinylation
(Fig. 4 A), indicating that neither surface biotinylation
nor the recovery procedure of biotinylated proteins was
contaminated by intracellular proteins.
The levels of biotinylated  ,  , and   subunits fol-
lowed a progressive increment after treatment with al-
dosterone of similar magnitude as the one detected in
whole cell lysates (Fig. 4 B). The aldosterone effect was
already apparent at 3 h and reached a peak at 6 h
(squares Fig. 4 B).
Interestingly, biotinylation of the apical proteins de-
tected core and complex-glycosylated   and   subunits,
and only core-glycosylated  ; thus, complex glycosyla-
tion is not required to reach the plasma membrane.
Synthesis of ENaC Subunits
The increased abundance of ENaC subunits induced
by aldosterone can reﬂect an increase in the rate of syn-
thesis, a decrease in the rate of degradation, or a com-
Figure 3. Maturation of xENaC   subunit. (A) A6 cells grown on
plastic were transiently transfected with a plasmid construct ex-
pressing a GFP- ENaC fusion protein. Cells were metabolically la-
beled for 2 h and the recombinant protein was immunoprecipi-
tated with antibodies against   COOH terminus or against GFP.
Negative controls of mock-transfected cells are shown. (B) Endog-
enously expressed  ENaC in A6 cells grown on permeable sup-
ports was immunoprecipitated and treated with phosphatases CIP
or SAP. Independently, cells were treated with IAA. The slower
migrating band of the   subunit disappeared after treatment
with IAA.432 Regulation of ENaC by Aldosterone
Figure 4. Steady-state levels of total and cell surface ENaC subunits. (A) A6 cells apical plasma membrane proteins were biotinylated, re-
covered from cell lysates with streptavidine beads, and analyzed by Western blot with antibodies against actin, calnexin, and xENaC sub-
units. Actin and calnexin blots include a lane with an extract of total proteins and a lane with biotinylated protein. (B) A6 cells were
treated for indicated times with 100 nM aldosterone followed by apical biotinylation. Aliquots of cell lysates containing 20  g of protein
were analyzed by Western blot with anti–xENaC antibodies (total protein). Biotinylated proteins were recovered with streptavidine-agarose
beads and analyzed by Western blot (plasma membrane). Representative experiments are shown for each subunit. (B) Time course of the
change in abundance of total (circles) and surface (squares) subunits examined by scanning densitometry. Each data point represents the
mean   SE of ﬁve experiments. Student’s t tests were used to compare the value at each time point with the value at 0 h. Asterisks above
dotted line refer to plasma membrane values. Asterisks below solid line refer to total protein values. *, P   0.05; **, P   0.01.433 Alvarez de la Rosa et al.
bination of these two processes. We ﬁrst investigated
the rate of synthesis of the three subunits in the pres-
ence of aldosterone. Cells were treated with aldoste-
rone for 0, 1, 3, or 6 h, metabolically labeled for a 15-
min pulse and immunoprecipitated with ENaC anti-
bodies. Fig. 5 A shows a representative example of the
rate of synthesis of  ,  , and   ENaC and Fig. 5 B shows
the time course of the aldosterone effect on protein
synthesis obtained by averaging four independent ex-
periments. Aldosterone increased the rate of synthesis
of the three subunits with similar kinetics. Maximal ef-
fect, fourfold increase, was observed with a pretreat-
ment of 6 h, although at 3 h there was already a signiﬁ-
cant increase in protein synthesis.
In the experiment shown in Fig. 5 A, the   subunit is
detected as a single band that migrates at 85 kD. The
65-kD band does not show in this experiment because
during the 15 min of labeling, modiﬁcation and pro-
cessing of the   subunit have not yet occurred, and
only the early 85-kD band is apparent. The same is true
for the   subunit.
Rate of Degradation and Half-life of ENaC Subunits in the 
Whole Cell and in the Apical Membrane
The previous experiments demonstrated a coordinated
increase in the steady-state abundance and in rate of
synthesis of the three subunits induced by aldosterone.
However, aldosterone could also increase the levels of
ENaC protein by stabilizing the subunits. To address
this possibility we examined the rate of degradation in
the absence and presence of aldosterone. Pulse-chase
experiments of metabolically radiolabeled cells were
used to assess the t1/2 of the whole population of ENaC
expressed in cells. Each of the subunits was immuno-
precipitated after several chase periods as indicated in
Fig. 6 A. Pulse-chase experiments of the   subunit show
Figure 5. Aldosterone ef-
fects on the rate of synthesis
of ENaC subunits. (A) A6
cells grown on ﬁlters were
pretreated with 100 nM aldo-
sterone for the indicated peri-
ods of time (in hours). Cells
were then metabolically ra-
diolabeled for 15 min and
ENaC subunits were immuno-
precipitated. A representa-
tive example for  ,  , and  
subunits is shown. (B) Graphs
represent the time course of
the rate of synthesis of sub-
units in the presence of aldo-
sterone. Values were normal-
ized to the 0 time-point. Auto-
radiographs were analyzed by
scanning densitometry. Each
data point is the mean   SE
of four independent experi-
ments. *, P   0.05.434 Regulation of ENaC by Aldosterone
that during the 30-min pulse only the 85-kD band is
present. The 65-kD band appears during the chase and
is evident at the 45 min time-point. This experiment
demonstrates that the upper band gives origin to the
lower form. To calculate the true half-life of the   sub-
unit we added the intensity of the two bands at each
time point. The values from densitometric analysis of
the X-ray ﬁlms are shown in Fig. 6 B. The curves repre-
sent the ﬁt of the data to a single exponential with t1/2
values for control and aldosterone-treated cells of 72
and 60 min for  , 40 and 41 min for  , and 40 and 52
min for  . This experiment was repeated twice with
similar results.
Fig. 6 A also shows maturation of the   subunit. Dur-
ing the pulse only the 110-kD band is evident. During
the chase, the higher, more glycosylated, form ﬁrst ap-
pears at the 45 min time point.
The results demonstrate that aldosterone does not
change the rate of degradation of the whole population
of channels in the cell. However, from a physiological
perspective the stability of channels expressed at the
apical membrane is of greater importance since this is
the population that determines the rate of sodium reab-
sorption. The t1/2 of channels in the plasma membrane
was examined by pulse-chase experiments of biotin-
ylated apical proteins. Fig. 7 A shows Western blots of  ,
 , and   subunits from cells biotinylated on the apical
membrane and then chased for the indicated periods
of time. After 45 min of chase all three subunits resid-
ing in the apical membrane have been almost com-
pletely degraded in the control and aldosterone-treated
groups. No statistical difference assessed by t test was
observed in the two groups and the data from both con-
ditions were analyzed together (notice the small error
bars for all three curves). Fig. 7 B shows plots of the nor-
malized values ﬁtted to a single exponential. The pre-
dicted t1/2s were 16.5 min for   subunit (n   12), 17
min for   (n   11), and 11 min for   (n   10).
To further investigate the pathway of degradation of
the apical channels we examined the effects of blocking
lysosomal activity with chloroquine. Proteins from the
apical membrane were biotinylated and then chased in
Figure 6. Turnover of the total cellular pool of ENaC subunits without and with aldosterone. (A) Control cells or cells pretreated with al-
dosterone for 6 h were pulse-labeled with [35S]-methionine and [35S]-cysteine for 30 min and then chased with cold medium for the indi-
cated periods of time (minutes).  ,  , and   subunits were immunoprecipitated from the lysates and resolved on SDS-PAGE. A representa-
tive autoradiograph of each subunit is shown. (B) Scanning densitometry values from autoradiographs shown in A. Values were normal-
ized to the 0 time-point.435 Alvarez de la Rosa et al.
the absence or presence of chloroquine. As indicated in
Fig. 8, in the control cells the subunits of ENaC almost
disappeared after 45 min of chase, whereas in chloro-
quine-treated cells the subunits remained stable, indicat-
ing that most of the apical channels are removed from
the plasma membrane and then degraded in lysosomes.
These experiments show that apical channels are de-
graded faster than intracellular channels and that the
degradation of the three subunits occurs in a synchro-
nous fashion. Moreover, aldosterone does not affect
the stability of ENaC inside the cell or at the apical
membrane.
Effect of Aldosterone on Transcription of the xENaC Subunits
So far, the data indicate that aldosterone increases the
synthesis of the three subunits. It is not clear, in kidney
as well as in A6 cells, whether this effect is mediated
by increased transcription of the subunits stimulated
directly by aldosterone or whether an aldosterone-
induced protein increases the translation of the subunits.
We investigated a direct effect of ENaC transcription by
measuring mRNA levels of  ,  , and   in A6 cells at var-
ious times points after stimulation with aldosterone
(Fig. 9 A). The densities of bands corresponding to the
ENaC subunits from Northern blots were normalized
to the density of Xenopus  -actin in the same blot and
the values were plotted in the graphs shown in Fig. 9 B,
where each data point is the average of four indepen-
dent experiments. A small but consistent increase in
mRNA abundance of the three subunits was detected
after stimulation with aldosterone. The effect reached a
peak of 1.5- to 2-fold increase after 3 h of treatment.
This effect, although modest, could account for the
fourfold increase in the abundance of protein. How-
ever, we cannot rule out that additional mechanisms in-
crease the translation of the subunits.
Effects of Aldosterone on xENaC Activity
Finally, we addressed whether, in our experimental
model and conditions, the increase abundance of api-
Figure 7. Stability of ENaC in the apical plasma membrane of A6 cells. (A) Control and aldosterone-treated A6 cells were biotinylated
on the apical membrane and chased for the times indicated (min). Western blots of recovered biotinylated apical subunits. (B) Time curse
of the decay in surface subunits measured by scanning densitometry normalized to the 0 time-point. Each data point is the mean   SE of
12 ( ), 11 ( ), or 10 ( ) independent experiments.436 Regulation of ENaC by Aldosterone
cal subunits is accompanied by a similar increase in
channel function. We determined ENaC activity and
the time course of the aldosterone response in A6 cells
by measuring the amiloride-sensitive component of
equivalent Isc. Addition of 100 nM aldosterone in-
creased the Isc fourfold from a basal level of 10.7   1.4
 A/cm2 to 42   2.3  A/cm2 after 6 h of treatment
(squares Fig. 10). The effect was evident at 1 h as indi-
cated by the small but signiﬁcant difference in Isc be-
tween the 0 and 1 h data points (P   0.01, n   10). The
Isc from control cells remained stable over the 6-h pe-
riod of observation (circles Fig. 10). The increase in Isc
was paralleled by a change in the VT from  40.1   3.3
mV to  84.7   5 mV, and by a decrease in RT from 3.8  
0.5 to 2   0.1 kOhms/cm2. The values we obtained
with and without aldosterone agree with previously
published results from several groups, indicating that
under our experimental conditions A6 cells exhibited
the standard behavior (Bindels et al., 1988; Vallet et al.,
1997; Stockand et al., 2001).
We wished to further test our results by examining
ENaC unitary currents with the patch clamp technique.
After seven days in culture serum was removed for 24 h.
The control group was kept for 8–12 h without serum
and the treated group received 100 nM of aldosterone
for 6–12 h before experiments. Only channels with
small conductance (5 pS) and long open and closed
events characteristic of ENaC kinetics were considered.
Visual inspection of records did not reveal any signiﬁ-
cant differences in the kinetics of channels from con-
trol and aldosterone-treated cells. In both conditions
channels exhibited long open and closed events, as il-
lustrated by the representative examples of single-chan-
nel patches shown in Fig. 11. However, the frequency of
ﬁnding ENaC in the patch was approximately ﬁve times
greater in aldosterone-treated than in control cells.
The number of channels per patch was obtained by
counting channel levels observed during the whole
length of the recording. In patches containing only two
levels (open and shut), 6 min of continuous recording
was enough to achieve  0.95 conﬁdence of the pres-
ence of only one channel (Marunaka and Eaton, 1991).
However, in patches containing more levels it was not
possible to determine with certainty the number of
channels. Therefore, the values are given as apparent
number of channels per patch (N) and not as absolute
values. We analyzed only patches that lasted for at least
6 min: 15 and 27 patches from control and aldosterone
groups, respectively. Table I summarizes the data. The
average number of channels per patch in control and
aldosterone-treated cells was similar in the two condi-
tions, 1.47   0.64 vs. 1.68   1.0, respectively. However,
patches with more than three channels were only seen
in the aldosterone group.
The open probability (Po) was calculated by dividing
the value of NPo by the calculated N. When all the
patches were taken for the calculation, the Po of con-
trol and aldosterone-treated cells were 0.55   0.29 and
0.42   0.24, respectively. These values were not statisti-
cally different. Since the calculation of the number of
channels present in the patch is more reliable in
patches with single channels, we also calculated the Po,
taking only single-channel patches: 9 from control and
18 from the aldosterone group. The values were 0.58  
0.35 and 0.40   0.27, respectively.
Together, the path clamp data indicate that aldoste-
rone increases the number of active channels in the
apical membrane, whereas the Po is not signiﬁcantly
affected.
DISCUSSION
Biosynthesis of xENaC in A6 Cells
Like other multimeric proteins, synthesis and assem-
bly of ENaC subunits are carefully controlled to en-
sure that only correctly assembled channels reach the
plasma membrane. Our results indicate that in A6 cells
transcription and translation of  ,  , and   subunits oc-
cur in a coordinated fashion, such that none of the sub-
units is limiting for the production of channels. Tran-
scription and translation of ENaC occur at a slow rate
under basal conditions and aldosterone enhances both
processes. The effect of aldosterone on transcription is
modest, only a twofold increase in the abundance of
mRNA, whereas the effect on translation results in a
fourfold increase in the rate of synthesis of the three
subunits. The small but consistent increase in mRNA
levels could be sufﬁcient to increase the synthesis of
subunits by approximately fourfold; however, an addi-
Figure 8. Chloroquine effects on the half-life of ENaC subunits
in the plasma membrane. A6 cells were treated as in Fig. 7, except
that 100  M chloroquine was added to one group of cells during
the chase time. Western blots are shown for each of the three
ENaC subunits for the control and chloroquine treated cells.437 Alvarez de la Rosa et al.
tional and direct effect of aldosterone on translation
cannot be ruled out. The magnitude and time course
of the increase in subunits abundance was mirrored by
similar increases in Isc (fourfold); therefore, an in-
crease in channel number alone could account for the
whole aldosterone response in A6 cells.
At the protein level our results differ from the ones
obtained by May et al. (1997) in A6 cells. After 6 h of al-
dosterone treatment, they found an approximately six-
and twofold increase in the rates of synthesis of   and
 , but not of  , subunits (May et al., 1997). These re-
sults led them to propose that the   subunit was limit-
ing in the formation of new channels. Several technical
details differed between the study of May et al. (1997)
and the present work. Our studies were designed
chieﬂy to optimize immunoprecipitations and Western
blots to be quantitative.
Studies performed in heterologous systems, trans-
fected cells (Hanwell et al., 2002), and injected Xenopus
oocytes (Valentijn et al., 1998) have not detected any
molecular modiﬁcations that would indicate maturation
of channels through the biosynthetic pathway (for re-
view see Rotin et al., 2001). Here we report and charac-
terize modiﬁcations of the endogenous xENaC subunits
in A6 cells. We show that   and   subunits acquire resis-
tance to Endo-H during maturation. Interestingly, in the
plasma membrane there is a mixed population of Endo-
H–sensitive and –resistant subunits, indicating that com-
Figure  9. Time-course analysis of al-
dosterone effects on the abundance of
mRNA from ENaC subunits. (A) A6
cells were grown for 10 d on ﬁlters,
switched to serum-free medium for 2 d,
and pretreated with 100 nM aldoste-
rone for the indicated periods of time
(in hours). Total RNA was extracted
and analyzed by Northern blot with spe-
ciﬁc probes for  ,  , and   xENaC sub-
units. Xenopus  -actin served as an inter-
nal standard for RNA loading. (B) In-
tensity values were obtained with a
phosphorimager and were normalized
to the control. Each data point in the
graph represents the mean   SE of four
independent experiments. *, P   0.05.438 Regulation of ENaC by Aldosterone
plex glycosylation is not required for assembly and tar-
geting of channels to the plasma membrane. We also re-
port that a fraction of   subunits form disulﬁde bridges
resistant to reducing agents. The modiﬁcation induces a
faster migration on SDS-PAGE, changing the apparent
mol wt to 65 kD. This form of the   subunit carries ex-
clusively Endo-H–resistant oligosaccharides; therefore, it
is localized not in the ER but in Golgi/post-Golgi com-
partments. The 65-kD   subunit represents the major
component at the apical membrane and is the form that
becomes phosphorylated in A6 cells (unpublished data).
The functional signiﬁcance of complex glycosylation
and the propensity of   to form resistant disulﬁde
bridges are currently unknown, but they represent use-
ful tools to follow the maturation of ENaC through the
biosynthetic pathway. It is worth noticing that in the
work by May et al. (1997), the 65-kD   subunit was not
detected because they only performed 15-min pulse-
label experiments. As we have shown in Fig. 6, this band
appears 30–45 min after the completion of synthesis.
Abundance and Stability of ENaC at the Apical Membrane
Our results demonstrate that in A6 cells aldosterone
changes the abundance of xENaC in the apical mem-
brane by a fourfold increase that takes place in a coordi-
nated fashion for the three subunits. At 1 h after stimula-
tion we did not detect a signiﬁcant increase, but the rela-
tively low sensitivity of the biotinylation technique does
not rule out a small increment at this time point. The in-
crease was clearly apparent at 3 h and continued for the
following hours of treatment. These results, together
with the increase in Isc and the higher frequency of ﬁnd-
ing ENaC in patches, support the notion that aldoste-
rone incorporates channels in the apical membrane, in
contrast to activation of channels already present in the
plasma membrane. Incorporation of channels to the api-
cal membrane seems to reﬂect an increase in synthesis
and delivery of newly synthesized channels. However, ad-
ditional translocation of preexisting channels from a still
not deﬁned intracellular compartment could also con-
tribute to the aldosterone response. The turnover of
channels at the apical membrane (t1/2 12–17 min) is
shorter than in the intracellular compartments (t1/2 40–
70 min). However, in each of these locations the three
subunits are degraded at similar rates. The short half-life
of the subunits, in particular the short resident time in
the plasma membrane, suggests that ENaC activity could
be regulated, at least in part, by changing the rate of
channel endocytosis. It has been documented previously
that mutations in the COOH termini of the   and   sub-
units decrease the rate of retrieval from the plasma
membrane and thus increase the number of channels
and sodium reabsorption in patients with Liddle’s syn-
drome (Schild et al., 1996; Shimkets et al., 1997). Here,
we found that aldosterone did not increase the stability
of apical channels; no changes in the t1/2 of any of the
three subunits were observed with aldosterone treat-
ment. Recent reports have suggested that phosphoryla-
tion of Nedd4–2 by sgk, an aldosterone-induced kinase
(Chen et al., 1999), may decrease the rate of endocytosis
of ENaC (Debonneville et al., 2001; Snyder et al., 2002).
However, in a previous publication we showed that sgk
did not affect the retrieval of ENaC from the plasma
Figure 10. Effect of aldosterone on the electrical properties of
A6 cells grown on permeable supports. (A) Time course of Isc
( A/cm-2) from control cells (circles) and 100 nM aldosterone-
treated cells (squares). (B) VT (mV). (C) RT (k /cm2). Measure-
ments were done 10 d after seeding. Each data point represents
the mean   SD of 10 independent measurements. *, P   0.05.439 Alvarez de la Rosa et al.
membrane of oocytes. Moreover, channels with dele-
tions of the COOH termini from the three subunits, and
thus unable to bind Nedd4–2, were able to increase so-
dium current in response to sgk (Alvarez de la Rosa et al.,
1999). Since the role of sgk in the aldosterone response
has not yet been elucidated, it is premature and not sup-
ported by the results from this study, to conclude that al-
dosterone affects endocytosis of ENaC. The role of sgk in
the aldosterone response is a question we are currently
investigating. The values we obtained for the turnover
rates of the subunits of ENaC at the apical membrane
are shorter to the ones recently published in a trans-
fected MDCK cell line (Hanwell et al., 2002), where it
was found that the three ENaC subunits had a t1/2 of
 1 h. However, Hanwell’s data and ours contrast with the
results obtained by Weisz et al. (2000) in A6 cells. They
reported a t1/2 for apical   and   subunits longer than
24 h, whereas the t1/2 for   was much shorter ( 6 h)
(Weisz et al., 2000; Kleyman et al., 2001). The difference
may arise from the use of different antibodies against
the xENaC subunits. Their anti–  ENaC antibody de-
tected only a 180-kD protein or protein complexes, rather
than the 85- and 65-kD bands seen here.
Mol Wt of the Subunits in the Apical Membrane: Implications 
for Regulation of Channel Function
Several mechanisms proposed to regulate the activity of
ENaC in the plasma membrane modify the molecular
weight of the subunits. For instance, Nedd4 is thought to
ubiquitinate the NH2 termini of   and   subunits before
endocytosis of ENaC (Staub et al., 1997). Addition of a
single ubiquitin moiety should increase the mol wt of the
subunits by  8 kD, a change readily detectable in SDS-
PAGE. However, we were unable to detect any changes
in mol wt on the subunits in the plasma membrane or in
the population of channels that had been endocytosed
and awaited degradation in the lysosome (Fig. 8). Per-
haps ubiquitin is rapidly removed from the ENaC sub-
units after endocytosis preventing its detection. Another
regulatory protein that has been proposed to modify
ENaC is CAP1. CAP1 is a serine protease tethered to the
apical membrane by a GPI anchor. It was ﬁrst cloned
from A6 cells and was shown to increase ENaC activity
(Vallet et al., 1997). Although it was not demonstrated, it
was suggested that cleavage of the extracellular domain
of one of the subunits mediated the activation. Later,
Figure 11. Representative examples of ENaC unitary currents from control and aldosterone-treated A6 cells. Traces show single-channel
cell-attached patches from the apical membrane of A6 cells grown on permeable supports. The pipette solution contained 140 mM Na. Pi-
pette voltage was 40 mV. Open and closed levels are indicated on the left. Bars in the right lower corner indicate current and time scales.
Data were acquired at 2 kHz and ﬁltered at 1 kHz for display.440 Regulation of ENaC by Aldosterone
Masilamani et al. (1999) invoked cleavage of the   sub-
unit to explain the appearance of a band of lower molec-
ular weight than the wild-type   subunit in Western blots
from aldosterone-treated animals. We detected only sub-
units with the full amino acid sequence at the apical
membrane of A6 cells. Either the cleaved subunits are
present in low abundance below the sensitivity of our de-
tection assays or CAP1 has an indirect mechanism of ac-
tion in A6 cells.
Effects of Aldosterone on Number and Po of ENaC in the 
Apical Membrane
Extensive characterization of xENaC kinetics was be-
yond the scope of this work. Our purpose was to corre-
late the biochemical data with the activity of ENaC
given by functional channels at the plasma membrane.
Moreover, our studies sought the relative change in
number of channels and Po induced by aldosterone
and not the absolute values of these parameters. Cell-
attached patches from the apical membrane of A6 cells
grown on permeable supports revealed the presence of
unitary currents with properties characteristic of ENaC
both in control and in aldosterone-treated cells. The
chief difference between the two groups was the abun-
dance of channels as manifested by a higher frequency
of obtaining patches with channels (fourfold higher in
the aldosterone group) and the slight increase in the
number of channels per patch in the aldosterone-
treated cells. On the other hand, Po was variable in
both groups and not statistically different. We observed
long open and close events in both groups, suggesting
that the kinetics of individual channels were not differ-
TABLE I
Properties of Patches from Control and Aldosterone-treated Cells
Control Aldosterone
Po N Time Po N Time
min min
0.89 1 12.3 0.37 1 6.1
0.94 1 6.4 0.20 1 10.3
0.08 1 10 0.05 1 14.7
0.83 1 8.2 0.48 1 12.7
0.27 1 9.1 0.10 1 8.6
0.59 1 6.2 0.17 1 10.3
0.74 1 6.5 0.72 1 5.9
0.82 1 13.2 0.81 1 13.4
0.06 1 7.60 0.54 1 6.5
0.48 2 7.70 0.09 1 7.3
0.60 2 12.9 0.41 1 14.2
0.14 2 8.50 0.43 1 9.4
0.58 2 13.3 0.59 1 8.6
0.61 2 8.60 0.04 1 7.1
0.58 3 6.60 0.88 1 12.6
0.17 1 11.9
0.47 1 13.3
0.72 1 5.9
0.91 2 11.1
0.43 2 8.9
0.32 2 7.6
0.17 2 5.2
0.59 3 10.6
0.33 3 6.9
0.48 3 5.9
0.38 4 11.3
0.47 4 9.6
0.51 4 10.1
Mean   SD 0.55   0.29 1.47   0.64 9.14   2.59 0.42   0.24 1.68   1.0 9.50   2.8
Mean   SD 0.58   0.35 1 8.94   2.46 0.40   0.27 1 10.48   3
N is the number of channels per patch. It was estimated by the maximal number of channel levels observed during the whole duration of the recording.
Po was calculated by dividing NPo by N. Time (in minutes) indicates the duration of the recording. Only patches that lasted at least 6 min were included in
the analysis. The last two rows show the mean   SD of the values for all patches and for single-channel patches, respectively.441 Alvarez de la Rosa et al.
ent. Our observations agree with results from noise
analysis that showed an increase in the number of
channels induced by aldosterone without changes in Po
in A6 cells (Helman et al., 1998). However, other stud-
ies have proposed that aldosterone activates ENaC by
methylation of channels and this modiﬁcation in-
creases the Po and changes the kinetics of ENaC in al-
dosterone-treated A6 cells (Rokaw et al., 1998; Stock-
and et al., 1999, 2001). In rat kidney, methyl donors did
not affect ENaC activity (Frindt and Palmer, 1996). An
explanation for the differences may be that we only
took into consideration channels with the canonical
features of ENaC: small conductance and long mean
open and closed times. Whereas in the previous works,
channels with different kinetics and conductance were
included in the analysis (Stockand et al., 2001).
In summary, the patch-clamp data indicate that aldo-
sterone increased the number of active ENaC channels
in the apical membrane and thus agree and support
the results from the biotinylation experiments.
Do Our Findings in Cell Culture Apply to the Intact Animal?
The low abundance and inaccessibility of principal cells
from the collecting duct make it difﬁcult to perform
the type of biochemical studies needed to elucidate the
biosynthesis of ENaC and molecular mechanisms that
mediate the aldosterone response. Using a cell line
overcomes these problems but raises the question of
whether the results can be extended to the physiology
of ENaC in whole animals. Speciﬁcally, we would like to
know whether aldosterone is required for transcription
and translation of ENaC under basal conditions and
whether increased aldosterone levels are followed by
new synthesis and more channels in the whole animal.
Numerous lines of evidence from in vivo studies indi-
cate that transcription of ENaC in the kidney takes
place in the absence of aldosterone. In a knockout
mouse of the mineralocorticoid receptor gene, mRNA
from the three subunits of ENaC and a small amiloride-
sensitive component of Na  reabsorption by the kidney
(1/4 of wild-type animals) were detected (Berger et al.,
1998). Similarly, in adrenalectomized rats the mRNAs
from the three ENaC subunits are expressed in the kid-
ney (Stokes and Sigmund, 1998). Unfortunately, in
these and in other in vivo studies it has not been shown
whether protein abundance correlates with the levels
of mRNA. However, rats maintained on a normal chow
do express ENaC, as demonstrated by Western blot
analysis (Masilamani et al., 1999). In spite of presence
of channels, microperfusion (Reif et al., 1986; Tomita
et al., 1985) and patch-clamp studies on the rat CCD
(Pacha et al., 1993) have repeatedly shown little ENaC
activity in control animals. These ﬁndings have led to
propose that, at least in some species, channels may not
reach the plasma membrane in the absence of high lev-
els of aldosterone. A mechanism(s) that controls sur-
face expression of channels may operate more tightly
in vivo than in cultured cells in which ENaC gets to the
apical membrane and is functionally active without ste-
roids (glucocorticoids or mineralocorticoids). Whether
sgk is responsible for this difference is an open ques-
tion.
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